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Abstract—A spaceborne radar for atmospheric observation by the Probert—-Jones equation [4]
must be able to detect atmospheric backscatter in the presence of

clutter from the surface, due to antenna sidelobes. Such clutter Pt)\QGQQQAnL
can come from the same pulse as that observing the atmosphere P,(rq) = #12“ Q)
if the radar antenna is pointed off-nadir. However, pulses both 5127 In2rg

prior and subsequent to the pulse observing the atmosphere can

also contribute to clutter, and surface clutter can be a problem where

even for nadir-looking radars. Here, the problem is analyzed by P, transmitter power;
deriving a method for computing clutter which includes effects of A wavelength;

e g i seeeh’, G antemna gain |
analysis of existing radars and design of future radar systems. 61 antenna half-power beamwidth;
o . A range resolution;
Index Terms—Clouds, clutter, precipitation, radar, sidelobes. reflectivity:
L, atmospheric attenuation;
I. INTRODUCTION r,  range to the atmospheric target.

E SPACEBORNE atmospheric radar must be well designé@lthis equation and our subsequent derivations, we assume that

to provide a detectable signal from distant and often wedk PulSe shape is nearly constant over the resolutiand zero

atmospheric targets, such as clouds or precipitation. In adaP—tS'de' Equation (1) also assumes a Gaussian-shaped antenna

tion to minimizing thermal noise, it must also be designed altterr(;(;)_v_er the :‘a”? beellrfn. h h he rad il
minimize interfering return, or clutter, coming from the earth’s, n addition to the signal from the atmosphere, the radar wi

surface through the antenna sidelobes. Calculation of Surf&@ultaneously receive echoes from all targets which differ in

clutter has been addressed in [1]-[3], with application to crod&"9€ bync/2PRF, wheren is an integerc is the speed of

track scanning spaceborne precipitation radars. Those works léQﬁt’ and ERF IS theb?ulse repetition fr?|qU(e|nc3g Tr(]j's IS JgSt ?e
dressed the case of interference from the same pulse as that [fiae amb guity pro en:j comrrr:on t(l) allpu St? ra | ars [5], [h].

minating the atmosphere. Here, we extend this work to includd'® number: corresponds to the pulse number relative to the

effects of all contributing transmit pulses, Doppler shifting, fipulse bgmg recgwed from the atmospherlc target, with positive
nite receiver bandwidth, and spherical earth. The results are ffts enoting previous pulses and negatdenoting subsequent

demonstrated using data from existing radars and then appl es, an(_zh = 0 denoting the pulise being recelyed fror_n the
to the design of future radar systems. atmospheric target. The surface retutnfor a particularn is

given by the following expression [3]:

P,(rs) =

Il. APPROACH FORSIGNAL-TO-CLUTTER CALCULATION PA2G2 ¢?0°L,
= ds (2)
S

The geometry of a spaceborne radar observation of the at-
mosphere is shown in Fig. 1. The radar antenna’s main beam
is assumed to be scanned in the cross-track dimension, and\Wbere
our analysis, the main beam may be pointed at nadir or off-nadirS  surface illuminated by the pulse;
to either side of the satellite track with scan angleWhile o¢  normalized radar cross section of the surface;
the main beam illuminates the atmospheric target, antenna sidey antenna pattern;
lobes illuminate the surface. Our concern is the calculation of L,  atmospheric path attenuation to the surface.
the ratio of atmospheric return (signal) to simultaneous surfa€be range to the surfaee is equal tor, + nc/2PRF.
return (clutter). The atmospheric return powr is calculated  As discussed in [1]-[3], the surface clutter through sidelobes
for a givenn is due to an annulus on the earth’s surface. This

. . . , , assumes a rectangular pulse, as was also assumed in the deriva-
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clutter, since they would cancel. However, the Doppler shifts
for signal and clutter are not equal. To incorporate the effects
of Doppler shifting and finite receiver bandwidth, we derive a
weighting function with value between zero and unity, reaching
unity for zero Doppler. To do this, we consider the receiver
output voltage spectru¥i,( f), which is equal taH (f)V (f —

fa). Here, H(f) is the receiver transfer functio®;(f — f4)

. is the Doppler shifted input voltage spectrum, afadis the
' | s Doppler shift. The output energy is found by integrating the
" magnitude squared of the voltage over frequency. Following
normalization by the receiver output for zero Doppler, we ob-
tain the weighting functionw as

Fig. 1. Coordinate system for clutter calculations, illustrating look adgle
from nadir to surface clutter, scan anglefrom nadir to atmospheric target,
elevation angle' between earth radii pointing at radar and pointing at source of

surface clutter, and azimuth angte H(HV(f - f)> df
. (6)
elevation angley, defined as the angle subtended by the earth’s /|H DIFdf
surface from nadir to the annulus. We find
e For the rectangular pulse shape assumed in this peg¢), is
I=R T sinydydeg (3) a sinc function. The Doppler frequengy is 2k - #/\, where

i/ is the velocity vector of the scatterer (atmosphere or surface)
wherev, is the angle to the inner edge of the annulus, anig  relative to the radar, andd is the unit vector from the radar in
the angle to the outer edge of the annulus. The earth rdgliis the direction of the scatterer. We denote the weighting due to
constant and has been brought outside the integral. We assi@appler shifting for the atmosphere lxy, and that for the sur-
thatg?, o2, L,, andr, are essentially constant over the width oface byw,. Because the Doppler shift varies wighover an
the annulus, and we bring these quantities outside theegral. annulusgw, must be included inside the integral in (5).

This leaves the integral efn v dv, which is justcos v; — cos y». An explicit formula for the signal-to-clutter ratio (SCR), de-
Using the law of cosines to find botles v» andcos v, we find  fined as the ratio of received atmospheric power to received sur-
that face power, can be found by combining (1) and (5)
(r3 — 1) 702nLo A(Re + h)w
COS7vy1 — COSYo = ———— 4 _ Wi'a e a
n 7T 9R.(R. + h) @ SCR 4ln2r2R.Y 0

where where

r1 =r; — A/2 distance to the inner annulus edge; 2

ro =7, +A/2 distance to the outer annulus edge; %= Z (3 =) / ws(fa(bn, ©))9% (0n, )

h radar altitude. — 0

X

These results can be combined to provide the following expres-
sion for the received power from the surface:

(9n7 d)) 5 (0, @) dop.

) Here, the summation overincludes all contributing annuli, or
() = PXG* R. (r3—r}) / " 209, $)o"(0, $) pulses. For each, the anglé,, to the corresponding annulus is
A 6472 R.+h 21 o g ’ computed as

Ly(8, ¢) do. (6) o (MR- R
Here,r,, r1, andry have been brought outside theintegral mo 2rs(h + R.)
since they are independent ¢f We allow g2, 0, and L, to
be functions of¢ and so include them inside thg integral.
The anglé’ is the look angle from the spacecraft to the annulys
center, also shown in Fig. 1. When the surface area being illu
minated is indeed an annulus, the expres$ign- %) reduces

(8)

wheren determines-,. For a flat surface there is no limit on
the maximum positive:, since we can have annuli extending
3 infinity. For a spherical earth model, however, the maximum
angle at which surface return can be received is

to 2r,A. However, near nadir the annulus can become a circle. Oumax = arcsin R, /(R. + h). ©)
In this caser; is less than the altitudie and should be replaced
by h. This case is handled similarly in [1]-[3]. The existence of this maximum angle and, hence, maximum

The discussion up to this point has neglected the effect of rnge limits: to a maximum positive value. The minimum angle
ceiver bandwidth. As shown in [7], finite receiver bandwidtkat which clutter return can occur is zero, or nadir, setting a lower
produces a loss that must be included in the analysis of weatheund om. For nadir-looking radars, the minimum valueo
radar performance. For the case at hand, there can be a loszei. In other words when looking at nadir the surface return due
both signal power and clutter power. If the signal and clutter botb subsequent pulses always occurs later than the atmospheric
had the same Doppler shift, the losses would be approximatedgurn for the current pulse. For scanning radars this is no longer
equal and could be ignored when finding the ratio of signal toue, andn can become negative. In this case surface clutter at
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nadir can be due to pulses subsequent to the pulse illuminatil
the atmosphere.

. . —— CALCULATED PR
Equation (7) can be solved fay,,, the minimum detectable OOBSERVED PR
reflectivity, defined as that reflectivity which yields an SCR of L R GoAN

unity (0 dB)

4In2r2R.% % 301 \\\\‘\‘
M = e (10) % oy
w07 L, A(R. + h)w, s [N
2 20t IR 1
The minimum detectable reflectivity factorz,, = 2 ...
Atn,./7°| K |?, can then be foundk is the dielectric constant 10| N, :
factor for the atmospheric target [5]. N
Equation (10) is a general expression for the minimum de o} [
tectable reflectivity due to clutter. For computations we neel
explicit formulas for the antenna patteyn the surface cross -0 5 7 A s 10
sectiono?, the atmospheric attenuatiohs and L, and the re- SLANT ALTITUDE (KM)

ceiver filter shape. We also need to determine the scatterer ve- _
locity 7. The antenna pattern is modeled as a Gaussian sha@'@dz- Calculated”., at 17 due to clutter for TRMM PR (solid) and observed

. . . . . . over the Indian Ocean (circles). Also shown is calculafgd at 37 scan
mainbeam with sidelobes which are either flat or fall off as ghgie for PR-2 over land (dot-dashed) and over ocean (dashed). Slant altitude is

monotonically decreasing function. In the log domain we hawéistance from surface to atmospheric target along radar look direction.

g(6) = { —12(6'/6,)* if ¢ <6,

. 11) assume thatthe attenuations for both the atmospheric and clutter
—g, — c(0' — 6,)'/? otherwise ah P

returns are equall(, = L,) and so cancel in the calculation of

where SCR. For specific meteorological situations, realistic values of
g(8") pattern in decibels; L, and L, can be calculated and used in (10) (see [2]).
Js level at which the mainbeam and side- The scatterer velocity (relative to the radar) is a function of
lobe levels are equal; both the motion of the spacecraft and earth rotation. For these
6,=61(g,/12)*/? corresponding angle; calculations, we assume a spacecraft in a circular orbit around
C constant. a spherical earth, positioned over the equator and moving in

¢’ is the antenna elevation coordinate relative to the antermalirections), measured clockwise from the east (e.g., north-
boresight, and a more general antenna (i.e., a pattern that iswatd motion is;> = 90°). The total velocity of the surface is
circularly symmetric) would us@’, ¢'). Thisisin contrastwith the sum of the spacecraft and earth rotation velocities. For the
(8, ¢) used above, which are in the radar global coordinategoss-track scan geometry analyzed here, only the earth’s ro-
The two coordinate systems are related by a rotation amgldation contributes to the Doppler weighting for the atmosphere
(the scan angle in the cross-track direction). Our computer code, SOw, is always close to unity. To calculate the effect of the
transforms from global to antenna coordinates when evaluatidgppler velocity, we need an explicit formula for the receiver
¢%; equations for transforming between rotated coordinate sygansfer function. Here, we assume titatf) is a Gaussian, as
tems are straightforward and can be found in many referenceepe in [5] and [7].
e.g., [8].

The surfaces® is modeled as a function which decreases lin-  [Il. A PPLICATION TORADAR ANALYSIS AND DESIGN
early with look anglé in the log-domain and is independent of

$. o° is given by The precipitation radar (PR) on the tropical rainfall

measuring mission (TRMM) [11] is the first spaceborne
o°(0) = 0°(0°) — 36 (12) atmospheric radar. Table | summarizes the PR performance

characteristics; the antenna parameters were chosen to provide
wheres°(0°) and/ are chosen to model either an ocean surfaeepattern similar to the TRMM PR pattern [11]. Fig. 2 shows
or a land surface. Both® ands°(0°) are in decibels. In spite clear-air reflectivity versus slant altitude acquired by the
of its simplicity this model is similar to measurementsadf TRMM PR over the Indian ocean for a scan anglef 17°.
[9], [10]. For modeling an ocean surface, the parameters in dslant altitude is the distance along the radar look direction
model are adjusted to provide an approximate match betwdesm the surface. In the TRMM PR processing, data below the
the modeb? and the measurements«gfin [9] for awind speed thermal noise level are set to a flag which indicates that no
of 7 m/s. In this case;®(0°) is 12 dB and3 is 0.7 dB per degree. signal is present. The points shown in Fig. 2 (as circles) are the
Forthe land case;°(0°) is chosen to be 0 dB arjitlis 0.2 dB per only ones with valid data. Since the data are above the thermal
degree, providing an approximate match to experimental dawaise and since conditions were clear (verified by TRMM
[10]. imager data), the circles in Fig. 2 are interpreted as clutter. Also

Atmospheric attenuation depends on both atmospheric gaskswn in Fig. 2 are calculations df,, due to clutter using

and presence of clouds and rain. While clouds and rain can catise method developed in the previous section. The calculated
large attenuations, their presence and location over the eartha@ptter contribution to atmospheric targets from just above
pear random. For the calculations in the following section, wibe surface to a slant altitude of about 15 km is dominated by
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TABLE | -15
RADAR SYSTEM CHARACTERISTICS
— Land (1 Freq.)
Parameter PR PR-2 CPR s e (L)and (18 i;rreec;))
Frequency (GHz) 13.8 134 94 — -~ Ocean -
Altitude (km) 350 400 705 =7 Qcean (16 Freq)
Max scan angle (°) 17 37 0 &
Horizontal resolution (km) 4 2 1.4 N1
Range resolution (m) 250 250 500 s
PRF (Hz) 2776 2800 4200 S
Antenna diameter (m) 2.0 53 1.85 é
Antenna g, 29 25 50
Antenna ¢ 1.5 4.0 0.0
Receiver bandwidth (MHz) 0.6 4.0 0.3
Motion direction 9 (°) 35 70 98
same-pulse clutter (i.em, = 0). At slant altitudes greater than ° ALTITUDE (KM)

15 km, the range to the atmosphere is smaller than the radar
altitude and only pulses with > 1 can contribute. As the look Fig. 3. Calculated,,. at nadir for 94 GHz cloud profiling radar (CPR) with
angle decreases, the maximum slant altitude at which thed single fre_quency (upper two curves) and with frequency diversity using 16
. . frequencies (lower two curves), for land and ocean surfaces.

pulse contributes also decreases. At nadirthe 0 pulse does
not contribute to range bins above the surface. In this case the
methods developed in [1]-[3] would predict no clutter. Usingbove the surface. Fig. 3 shows the calculatgdfor land and
our method, we find thatZ,, at nadir is—4 dBZ near the ocean for CPR (the two upper curves). The minimum detectable
surface and increases to 0 dBZ at 15 km altitude. These valuetectivity is well below the required 26 dBZ level. The 50 dB
are well below the TRMM PR thermal noise, and, hence, agatenna sidelobes assumed here can be difficult to achieve. Such
not a concern for TRMM PR data. levels, however, are expected for the CPR antenna, which is an

Because of the TRMM PRs success, a second-generatidiset design to minimize sidelobes due to aperture blockage.
spaceborne precipitation radar (PR-2) is being investigatedA method forachievingthe required minimumreflectivity with
[12]. One of the goals of the new radar is to provide a sensitivipoorer antenna sidelobe performance was also considered. Fre-
several decibels better than that of the TRMM PR. Hencguencydiversity haspreviouslybeensuggestedasanapproachfor
clutter is a concern. To design an antenna with acceptablereasingindependentsamples[5]. Here, we consider frequency
performance, clutter calculations were performed for a varietijversity as a method for suppressing range ambiguities. Specif-
of antenna patterns. Results from these calculations, along wdhlly, the radar transmits a sequence of frequencies, changing
other system considerations, were used in developing antetimafrequency for each pulse. The receiver tracks the transmit fre-
requirements. Fig. 2 shows,, for the PR-2 due to clutter for the quency with adelay corresponding to the pulse roundtrip time. At
PR-2 parameters in Table I, using the maximum planned scagiveninstant, the clutter from most previous pulsesisoutside the
anglea of 37°. Both land and ocean results are shown. For slargceiver passband. This is analogous to use of polarization diver-
altitudes below 2.9 km, the first contributing pulse isthe: —2  sity, first suggested in [14]. While it allows higher antenna side-
pulse. For slant altitudes greater than 2.9 kmythe —2 pulse lobes, thismethod doesrequire more complicated electronics and
cannot contribute, resulting in a sudden drop in clutter for thenot used for CloudSat. It is, however, an option for future mis-
ocean case at 2.9 km, visible in Fig. 2. Such a drop cannot éiens and is investigated here.
seen for the land case, since land clutter is dominated by thd=ig. 3 shows results for a system with the CPR parameters
n = 0 pulse both below and above 2.9 km. The dominance wf Table | but using a total of 16 transmit frequencies with
then = 0 pulse inthe land case is due to land’s slower decrea®eéMHz spacing between each frequency. The sequence steps
in backscatter with look angle. Calculations were also made fioom lowest to highest frequency, and it is assumed that the
PR-2 at nadir¢ = 0°). In this case, only pulses with> 1 can first frequency in the sequence illuminates the atmosphere. It
contribute to range bins above the surface. As was the casedan be seen that frequency diversity provides a large reduction
the PR, we find that for the PR-2 tle> 1 contribution at nadir in clutter in both land and ocean cases. In fact, the CloudSat
is well below that of thermal noise, on the orderaf0 dBZ for requirements could have been met using frequency diversity
both land and ocean. This level is somewhat lower than for thad an antenna with sidelobes nea40 dB. Fig. 4 shows the
TRMM PR due to a faster rolloff in sidelobes for the plannedontribution of each annulus to the received clutter at 25 km
PR-2 antenna pattern (see Table I). altitude, both without and with frequency diversity. The first

In addition to measuring precipitation, spaceborne radars amnulus occurs & = 9° and the last near 64 The two-sided
planned for cloud measurements. The utility of such syste®ppler bandwidth of the first annulus is about 1.5 MHz. The
is already being studied [13], and NASA plans to launch theidth quickly increases to about 4 MHz at28hird annulus),
CloudSat mission, which will carry a 94 GHz radar for cloud MHz at 40, and 8 MHz at 60. For the case without fre-
studies. Table | shows the expected cloud profiling radar (CP&)ency diversity, the Doppler spectra of all annuli are centered
performance characteristics for CloudSat. Since CPR operabeshe receiver passband. When frequency diversity is used, the
only at nadir, only pulses with > 1 can contribute to range binsannuli have center frequencies shifted by 2—30 MHz. The first
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01 FREQUENGY reduce the clutter to acceptable levels. As a result of these cal-
0 - o) 16 FREQUENGY 1 culations, an antenna with very low sidelobes has been designed
° 5 for the CloudSat CPR. Calculations presented here show that the

clutter level should meet requirements.
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IV. CONCLUSIONS

We have developed a method for calculating the surface re-
turn through antenna sidelobes for downward-looking atmg-
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radars. Calculations for the TRMM PR are in reasonable agree- g ( ) P

ment with observations. For the TRMM PR same-pulse clutter

is significant at lower altitudes when the antenna is scanned to

large angles. Clutter is also present when the antenna is pointed _
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